This depression was of similar amplitude whether the IPSCs were evoked by stimulation in stratum radiatum (to recruit local interneurons), or in the stratum granulosum of the dentate gyrus (to recruit mossy fibers). These results show for the first time that
Introduction
Zinc is widely distributed in the mammalian brain. Ionic Zn 2+ is concentrated in glutamatergic synaptic varicosities, and is especially abundant in hippocampal mossy fibers, which project from dentate granule cells to the hilus and CA3. It is present in presynaptic vesicles and is released in response to depolarization (Assaf and Chung, 1984; Howell et al., 1984; reviewed by Frederickson et al., 2000) . Exogenously applied Zn 2+ powerfully inhibits GABA A and NMDA receptors (Westbrook and Mayer, 1987; Draguhn et al., 1990; Smart et al., 1994) and glutamate transporters (Spiridon et al., 1998; Vandenberg et al., 1998) . Zn 2+ also has biphasic effects on glycine receptors (Bloomenthal et al., 1994) . At higher concentrations, Zn 2+ also acts on several ion channels (Winegar and Lansman, 1990; Busselberg et al., 1992) . Despite this wealth of evidence, the role of endogenous Zn 2+ in modulating these processes has remained
elusive.
Recent physiological evidence shows that endogenous Zn 2+ can modulate excitatory synaptic transmission (Vogt et al., 2000; Molnar and Nadler, 2001b; Ueno et al., 2002) .
GABA A receptors are also very sensitive to Zn 2+ (Westbrook and Mayer, 1987) and have a discrete Zn 2+ binding site that differs among GABA A receptor subunits (Hosie et al., 2003) . these contain relatively high concentrations of GABA (Sandler and Smith, 1991; Sloviter et al., 1996) . Some recent reports have shown that stimuli designed to activate mossy fibers can give rise to IPSPs and IPSCs in CA3 pyramidal cells, which have physiological and pharmacological properties typical of mossy fiber transmission, namely high sensitivity to presynaptic metabotropic glutamate receptor agonists, steep frequency-dependent facilitation and NMDA receptor-independent long-term potentiation (Gutierrez, 2000; Walker et al., 2001; Walker et al., 2002) . Moreover, GABA A receptors occur within mossy fiber synaptic clefts, and the subcellular distribution of GABA is similar to that of glutamate, implying localization to vesicles (Bergersen et al., 2003) , even though the vesicular transporter VGAT has not been described in these synapses (Chaudhry et al., 1998 Electrophysiology. For the electrophysiology experiments, transverse hippocampal slices (350 µm) were obtained from 3-4 week-old guinea pigs killed by cervical dislocation.
Slices were stored in an interface chamber for at least 1 hour prior to transfer to a submersion recording chamber. The storage and perfusion solution contained (in mM)
NaCl (119) µM) and D-2-amino-5-phosphonovalerate (APV, 50 µM) respectively. Currents were acquired with an Axopatch 1D amplifier (Axon Instruments), and records were filtered at 1 kHz and digitized at 2-5 kHz. The access resistance, monitored throughout the experiments using a voltage step, was <20 M , and results were discarded if it changed by more than 20 %. Monosynaptic IPSCs evoked by dentate gyrus stimulation at 0.02
Hz were reversibly depressed > 40% by 2-amino-4-phosphonobutyric acid (L-AP4, 10 µM), consistent with the selective sensitivity of mossy fiber synapses in guinea pigs (Yamamoto et al., 1983) . At the end of the experiments IPSCs were confirmed to be GABAergic by the addition of 100 µM picrotoxin. N,N,N',N'-tetrakis (2-pyridylmethyl)ethylenediamine (TPEN), NBQX, APV and picrotoxin were obtained from Tocris Cookson (Bristol, UK). A stock solution of calcium ethylenediamine tetra-acetate (Ca-EDTA) was prepared by adding Ca(OH) 2 to ethylenediamine tetra-acetic acid in a 2:1 molar ratio. Statistical comparisons were made using Student's paired or unpaired t test.
Results
The mossy fiber varicosities in CA3 stratum lucidum showed abundant co-localization of Zn 2+ and GABA labeling (Fig.1) . GABA-immunogold labeling was mainly located at presynaptic vesicles, whereas the electron dense precipitate of the Zn 2+ staining was most abundant close to pre-and postsynaptic sites of the synaptic cleft ( Fig. 1 ; see also Seress and Gallyas, 2000) . Labeling over areas where no GABA-immunoreactivity was expected (glial cells or glutamatergic varicosities in stratum radiatum) did not exceed background levels observed over blood vessels or plain resin. The specificity of GABA antibody binding in rat hippocampus has been described further by Fabian-Fine et al. (2001) . When mossy fiber profiles were analyzed systematically, the immunogold particle density was 9.5 ± 1.2 µm -2 (mean ± S.E.M., n = 23), as compared to a background density of 3.1 ± 0.9 µm -2 (n = 23 sampling areas matched for area; p = 0.0001, unpaired t test). We thus conclude that mossy fibers labeled by the Timm's reaction for ionic Zn 2+ are immunoreactive for GABA. A separate study by (Bergersen et al., 2003) has shown that the spatial distribution of GABA-immunoreactivity within hippocampal mossy fiber boutons is similar to that of glutamate, but different from that of the non-released glutamine, consistent with an association with vesicles.
Although the EM data argue strongly for co-localization of GABA and Zn 2+ within the same mossy fiber boutons, there is no evidence that endogenous Zn 2+ modulates
GABAergic transmission at this synapse. We therefore examined monosynaptic GABAergic IPSCs evoked in CA3 pyramidal neurons by stimulation in the dentate gyrus, and compared them to IPSCs evoked by stratum radiatum stimuli, designed to activate local interneurons. We used tissue from guinea pigs to exploit the high sensitivity of mossy fiber transmission to the group III metabotropic glutamate receptor agonist L-AP4
as an identifying criterion for these synapses. et al., 1985) . Addition of TPEN to the perfusion solution resulted in a reversible 26.5 ± 6.3 % enhancement of the dentate gyrus-evoked GABAergic signal (n = 9, p < 0.05). However, it had no effect on the signal elicited by stimulation in stratum radiatum in the same neurons ( Fig. 2a,b ; comparison between pathways: p < 0.05).
Thus, the GABA A receptors mediating dentate gyrus-evoked IPSCs, but not stratum radiatum-evoked IPSCs, are inhibited by endogenous Zn 2+ . Because TPEN crosses cell membranes, this result does not distinguish between chelation of intracellular and extracellular Zn 2+ (Arslan et al., 1985) . We therefore applied a second method to chelate extracellular Zn 2+ selectively: Ca-EDTA does not cross cell membranes and has a much higher affinity for Zn 2+ than other extracellular cations (Vogt et al., 2000) . Perfusion of Ca-EDTA (2 mM) reversibly increased the dentate gyrus-evoked GABAergic signal by 31.9 ± 6.9 % (n = 8, p < 0.01) but had no effect on IPSCs elicited by stimulation in stratum radiatum ( Fig. 2a,b GABAergic responses to a similar extent and with a similar time course (n = 4 for each pathway, p = 0.9 for difference; Fig 3) . Bath application of 3 µM Zn 2+ also reversibly depressed both GABAergic responses to 83 ± 8 % for dentate gyrus-evoked IPSCs and 8 73 ± 5 % (n = 3 for each pathway, p = 0.1 for difference). These results imply that the GABA A receptors underlying both dentate gyrus-and stratum radiatum-evoked IPSCs show similar sensitivity to Zn 2+ .
Discussion
The finding that GABA and Zn 2+ can be co-localized in the same mossy fiber varicosities extends previous evidence for co-localization of glutamate and GABA immunoreactivity at mossy fiber varicosities (Sandler and Smith, 1991 The enhancement of IPSCs by chelation demonstrated here was only detected with stimuli delivered to stratum granulosum of the dentate gyrus, having previously verified that these stimuli evoked field EPSPs typical of mossy fibers. IPSCs evoked with this protocol have physiological and pharmacological properties typical of mossy fiber synapses (Walker et al., 2001) . The finding that these IPSCs are modulated by endogenous Zn 2+ , which occurs in higher extracellular concentrations in the vicinity of the mossy fiber pathway (Kay, 2003) , lends further circumstantial support to the hypothesis that these IPSCs are indeed mediated by GABA release from mossy fibers (see also Gutierrez, 2000; Gutierrez and Heinemann, 2001; Walker et al., 2002; Gutierrez et al., 2003) . In contrast, IPSCs evoked by stimulating either in stratum radiatum or in stratum pyramidale to excite local interneurons were unaffected. Although the stimuli used to recruit these GABAergic axons also activated glutamatergic fibers, any Zn 2+ released under these conditions presumably reached too low a concentration to affect the GABA A receptors.
The pathway specificity of our result may partly explain the failure to demonstrate an effect of mossy fiber stimulation on currents evoked by GABA uncaging in granule cells (Molnar and Nadler, 2001a) . This design had been used to show a Zn 2+ -mediated effect of very intense mossy fiber stimuli on exogenous NMDA receptor-mediated signals (Vogt et al., 2000) . We also attempted, unsuccessfully, to affect the response to exogenous GABA, applied via pressure application, iontophoresis or focal photo-uncaging with a UV laser, by delivering brief trains of stimuli to mossy fibers (A. Ruiz and D. DiGregorio, results not shown); this possibly reflects the poor spatial resolution of exogenous GABA application, but could also be explained by the recent observation that very little Zn 2+ may be released during synaptic activity (Kay, 2003) . Indeed, all of the results of the present study can be explained by postulating that extracellular Zn 2+ associated with mossy fibers exert a tonic inhibition of GABA A receptors, which is relieved by chelation with TPEN or CaEDTA, and that there is little dynamic modulation of this inhibition by synaptic release of Zn 2+ with physiological patterns of stimuli.
The evidence that endogenous Zn 2+ inhibits GABA A receptors at mossy fibers is consistent with the immuno-EM data on the co-localization of Zn 2+ and GABA. However, the electrophysiological data were obtained in guinea pig slices (in order to use L-AP4 sensitivity as a marker for mossy fiber synapses, which cannot be done in rat), while the anatomical data were obtained from rat tissue (because the fixation and staining protocols, and criteria used to identify mossy fiber boutons, have been developed in this species). Nevertheless, evidence for GABAergic transmission at rat mossy fibers has been reported, not only after seizures (Gutierrez, 2000; Gutierrez and Heinemann, 2001 ), but also in control tissue (Bergersen et al., 2003; Gutierrez et al., 2003) , so it is highly likely that a similar modulation of GABA receptors occurs at mossy fibers in rats.
Does the Zn 2+ sensitivity tell us anything about the GABA A receptor subtypes activated by dentate gyrus stimulation? The sensitivity to low concentrations of Zn 2+ implies that the receptors do not contain the subunit (Draguhn et al., 1990; Hosie et al., 2003) and/or that they contain the 5 subunit (Burgard et al., 1996) which is abundant in the hippocampus (Sperk et al., 1997 (Buhl et al., 1996; Shumate et al., 1998; Gibbs et al., 2000) . Some of these changes may be explained by altered expression of subunits that affect the sensitivity of receptors to Zn 2+ (Brooks-Kayal et al., 1998) . The present results represent an important step towards determining whether a pro-or anti-epileptogenic role can be attributed to these changes. Ultimately, however, the pathological role of Zn 2+ in modulation of GABA A receptors will need to be seen in the context of its wider effects on NMDA receptors, glutamate transporters and other signaling molecules. 
